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Oscillations in the 3-flavor v SM

LBNF/DUNE In the v 3-flavor model matter/anti-matter asymmetries in neutrinos
and the Hunt H = > H H H .
e are best probed using v,,/D,, — ve/Ue oscillations (or vice versa).with
CP Violation terms up to second order in av = Am%1 /Am%1 and sin? 013, (M. Freund. Phys. Rev. D 64, 053003):
P(V/J,_)Ve)gp('/e_)’/u)g Py + Pgin s +Peoss+ Ps3
~—~ ~—~
013 CP violating solar oscillation

where for oscillations in vacuum:

CPin v SM
Py = sin® ysin® 2613 sin’(A),
P; = o’cos’ Oysin’® 2015 sin’(A),
Pins = o 8Jgsin’(A),
Poss = « 8Jg cotdcp cos A sin’(A),
and where

A = Am?L/AE



Pﬂl "\l: Oscillations in the 3-flavor v SM

LBNF/DUNE In the v 3-flavor model matter/anti-matter asymmetries in neutrinos

and the Hunt H = > H H H .
e are best probed using v,,/D,, — ve/Ue oscillations (or vice versa).with
CP Violation terms up to second order in av = Am%1 /Am§1 and sin? 013, (M. Freund. Phys. Rev. D 64, 053003):
M Bish
o q r‘»w]‘E P(VI-L - Ve) = P(Ve — V;L) = PU + Psin5 +Pc055+ P3
A baiEiiien 013 CP violating solar oscillation

where for oscillations in matter with constant density:

CP in v SM
. in 2013
Py = sin® 6 (s:: 11)3; sin’[(A — 1)A],
P; = o’cos’ 023% sin’(AA),
8, . . .
Pins = am sin Asin(AA) sin[(1 — A)A],
Peoss = a% cos A sin(AA) sin[(1 — A)A],

and where
A = Am3L/4E and A = \/3GFN2E/Am3,.
For Dy, — Ue, Psins — —Psins
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CPin v SM

(b) Impact of CP Phase on Vacuum O ns, NH
% 016 we— Vacuum oscillations, all terms, &, = Q N o,
L o[ m— All terms, B, = + U2 5 S
E ° srassnsnses All terms, 5., = - W2 3

o4 E= i All terms, 8. = Tt v, 1

(a) Electron Neutrino Appearance Pr vs. L/E

— \/acuum oscillations, NH, all terms, 3,
— SN 7 2 O, term only

ssssssssss  Solar oscillation term only

(e) Impact of Matter Effects on v, O Bep = O)

ations, all terms, 5,
Matter effect at 1000km, NH
Matter effect at 2000km, NH
Matter effect at 3000km, NH
Matter effect at 3000km, IH




W\E P(v, — ve) vs L and E (d, = 0)

The v, — v, oscillation probability maxima occur at
LBNF/DUNE

and the Hunt L (km) ™ (2n —1) 515 km
( ) — = (21— 1) X ——
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for Leptonic -
CP Violation En(GeV)
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M '(\ & CP Violation in v SM

LBNF/DUNE . . .
and the Hunt The charge-parity (CP) asymmetry is defined as

for Leptonic
CP Violation

Mary Bishai Agp

Collaboration

_ P(vy = ve) = P(Du — )
T P(vp — ve) + P(Dp — De)

Ay ~ cos 053 sin 2012sin § (AmglL

sin 023 sin 013 4E,,
W. Marciano, Z. Parsa, Nucl.Phys.Proc.Suppl. 221 (2011)

> + matter effects

CPin v SM

The CP phase ., is unknown. CP is violated when 4., # 0,

The 4 most important things to know about v CPV

m A, o 1/sin 613 = Large 613 makes CPV searches HARDER.
m A, o 1/tan 623 = Large sin(023) = smaller CPV (octant!)
m A, x 1/E, = CP asymmetries are larger at lower energies

m A, ox L = CP asymmetries are larger at longer baselines
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CPin v SM

CP Asymmetry vs E,, and d¢p

NH, Vacuum, 1300km
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CPin v SM

CP Asymmetry vs E,, and d¢p

NH, p = 2.8gm/cm®, 1300km
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Pi |[\ l: CP Asymmetry vs E,, and 5cp

LBNF/DUNE IH, p = 2.8gm/cm®, 1300km
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Asymmetry at 1300 km (sin ? 20 ,, = 0.09, sin ? 20, = 1.00, p=2.8 gm/cm ,IH)
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Impact of Sterile Neutrinos on v Oscillations
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Impact of Sterile Neutrinos on v Oscillations
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Impact of Sterile Neutrinos on v Oscillations
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NSI a nd C PV see presentation 19/3 by M. Masud

LBNF/DUNE NSI could also impact CPV interpretation in long-baseline(M. Masud, A.
and the Hunt

P ; Chatterjee, P. Mehta arXiv:1510.08261):
or Leptonic
L 15 E
CP Violation NH | Bz, |Exe| € [0 0.2] (NST) H
125F 5ebn:m (D E

CPV and other
New Physics

15
lEep| = [Eac| = 0.0 B ey ec € [0 0] (NET)
e febn:m 6D " H 3
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Current Long-Baseline Experiments and Near Future
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NI "\ l: v,, — Ve Event Rates - Various Experiments.

/
LBNF/DUNE of exposure. No detector effects
and the Hunt

: Super Beams
(& (Lepitentts Experiment Baseline v, —> U v, —> U v, —> vV
CP Violation 17 7 73 T n e
T2K 295km (off-axis)
Mary Bishai 30 GeV, 750 kW
ffer itz (LN 9 x 102 POT /year 900 <1 40-70
AL MINOS LE 735km
120 GeV, 700 kW
6 x 10%° POT /year 11,000 115 230-340
NOvA 810km (off-axis)
120 GeV, 700 kW
6 x 1020 POT /year 1500 10 120 - 200
Current DUNE LET 1,300km
Experimental 80 GeV, 1.2MW
Landscape 1.5 x 102! POT /year 4300 160 350 - 600
DUNE MET 1,300km
80 GeV, 1.2MW
1.5 x 102! POT /year 12,000 690 290 - 430
* Facility duty factor taken into consideration
T 2014 CDR Reference Design with NuMI style focusing

arXiv:1307.7335, for 50 kton.years™

Even with maximal CP, event rate is a < 10 v, — ve per kT.MW.yr
Experimental challenge for CPV measurements: STATISTICS!

16 /40
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--Google
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Total Accumulated POT for Physies
. v-Mode Beam Power
. V-Mode Beam Power

a =
s {2Runl  Run2 Run3  Run4 Run5  Run6 4%
£ 3508
£ 10 35
S 3005
= 8 — 2508
3 2008
£ 6 o002
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e ) ‘ R
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Time

With 6.57 x 10*° POT in v mode
Observe 28 v with 4.9 4 0.6 back-
ground

With 4.04 x 10%° POT in & mode
Observe 3 v, candidates. Expect
1.51 to 1.77 background.

Favors maximal CP at NH

-2AInL

w_ B o
T
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[ )

e

T
—+— Data

T
3 —— Best fit ]
77777 Background component-{
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. ]
0 s
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=
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(\ The NOvA Experiment (810km Baseline)
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sh Ri\_/er, MN
810 km from Fermilab__~ =

Mary Bishai
for the DUNE
Collaboration

‘\

Wisconsin

i -

,Q"ﬁilwauke'c \/ :
NOvA 7 ‘ \ K . el
~NuM/I'beam at up to 700 kW and . - . {

Near detector underground

©2007 Europa. T«y.{m
Image ©2007 TecraM
Imaige ©:2007 NAS) 3



Pﬂl "\ l: First Results from NOvA

LBNF/DUNE arXiv:1601.05022
SR  With 2.74 x 10%° protons-on-target:

for Leptonic

CP Violation
T T T T
. [ 0 1 T T
Mary ai F1.66 x 10°° POT 4o 1 [ 2.74x 10 POT-equiv. § oo 1
for the DUNE F —— Total MC (Flux uncert.J| HE
oratio 4001~ ] [ oeeeneeo; — Signal prediction |
oration > r - MG Beam v, 1 = 15 : i
K] [ 1 2 7F — Background
n . 1 o | 4
— MC NC —
g 300F 1 5
o : - MC Y cc : o ';
2 F 1 < T
.g 200 -4 o
e f 18 |
F 1 ¢ [
w r 1 W oos-
1001— — -
1 ~ 2 3 ) 15 25
Calorimetric Energy (GeV) Calorimetric energy (GeV)

6 LID candidates

(3.3 o signal of v, appearance)
11 LEM candidates

(5.5 o signal of v, appearance)

LID analysis disfavors 0.17 < dcp < 0.57 in the IH at 90% C.L. , .



T2K+NOvA Prospects

LBNF/DUNE
PLREME  T2K (7.8 x 10* pot ) and NOvA (1.8 x 10?! pot) combined,

for Leptonic

CP Violation exclusion of d,, = 0 at 90% C.L. (K. Abe et. al. arXiv:1409.7469):
T2K ——
NOVA —
0.65 [ — e 0.65 T2K+NOVA —
0.6 [ 3 06 | 3
) [d
& >
P ooss 1 P ossf 3
c c
®» 05F 1 @ os¢f 3
g g
S oas | i 2 oast 3
(= (=
04 | 3 04 | 3
0'35 1 | 1 1 1 1 0.35 A 1 1 1 1
-150-100 -50 0 50 100 150 -150-100 -50 0 50 100 150
True SCP(O) True SCP(J)
(a) 1:0 T2K, 1:1 NOvA vz, NH (b) 1:1 T2K, 1:1 NOvA v:w, NH

21 /40



Future Experimental Landscape: LBNF/DUNE
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Sanford

Underground
Research
Facility

Fermilab

m Long baseline experiment with a wide-band beam and a 1300km
baseline from Fermilab to the Sanford Underground Research
Facility in Lead, SD.

Experimental m Highly capable mult-purpose Near Detector at Fermilab

Future

Landscape

m 40 kton fiducial (80 kton total) Liquid Argon Time Projection
Chambers (LArTPC) at SURF. Both single and dual-phase
LArTPC options under consideration.

22/40
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LBNO experiments.

856 Collaborators

“usa
Uk

“taly

Linda
Other
Switzerand

Formed in Jan 2015 from combination of the US-based LBNE and

from 149 Institutions in
29 Nations

, Belgium, Brazil,
Bulgaria, Canada, Colombia,
Czech Republic, Finland,
France, Greece,

Italy,

Mexico, Netherlands, Peru,
Poland, Romania, Russia,
Spain, Sweden, Switzerland,
Turkey, UK, USA, Ukraine

23/
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Fermilab Accelerator upgrades for DUNE

intensity:

Planned upgrades to the Fermilab complex to increase proton

PIP-1I replaces upstream portion of
linac feeding into 8 GeV Booster:
1.03 MW at 60 GeV

1.07 MW at 80 GeV

1.20 MW at 120 GeV

Ready by 2025

Further upgrades (PIP-111) would
replace booster with Rapid Cycling
Synchrotron (RCS) or SC Linac.
Currently in R&D stage.

> 2.0 MW at 60 GeV
> 2.3 MW at 120 GeV

24 /40



Pﬂ' "\ l; The LBNF Beamline for DUNE
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Advanced conceptual design tunable wide-band NuMl-style focusing:

~40% of beam power in target chase
_~ 3 A:Efibeam power in decay pipe

[\ Outer mult-ply geosynthetic barrier (red)

Inner muli-ply geosynthetic barrer (yellow)
Drainage Layer (blue)

Mud Slab (tan)

Decay Pipe: 194 m long,
4m in diameter, double —
wall carbon steel, helium
filled, air-cooled.

LBNE Beam Tunes

Target Chase: 2.2 m/2.0 m wide, 34.

air-filled and air & water-cooled (coc £ 7oo — Low Energy Tune
2 —— Wedium Energy Tune
e
F —— High Energy Tune
@ 500}
£ a0
3
8
300
: 200
1st Horn: NuMI Design (current LBNE
100
—
N N R R a5

16 o
E, (GeV)

Optimized focusing design with 3 horns ~ 30% more flux for CPV

25/
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Pﬂl "\l: The DUNE Near Detector Reference Design

LBC:\IF}:/’D:NE Reference design is the Fine Grained Tracker based on the “LBNE-
and the Hunt

for Leptonic India Detailed Project Report (DPR)” submitted to DAE, India in

CP Violation 2012. Alternative/additional designs under consideration by DUNE

Mary Bishai

for the DUNE STT Module aackovard ECAL Performance Metric  Value

n Vertex resolution 0.1 mm

Angular resolution 2 mrad
E, resolution 5%
E, resolution 5%
vy /7y, 1D Yes
v/ 1D Yes
NCxY/CCe rejection  0.1%

NC~/CCe rejection 0.2
NCup/CCe rejection  0.01%

Value
or volume 3x 3x 7.04m’
8 tons
123,904
15 4.5 x 8.0 m?
Targets 1.27-cm thick argon (~ 50kg), water and others
Transition radiation radiators 2.5 cm thick
ECAL Xp 10 barrel, 10 backward, 18 forward
Number of scintillator bars in ECAL 32,320
Dipole magnet 2.4-MW power; 60-cm steel thickness
Magnetic field and uniformity 0.4 T; < 2% variation over inner volume
Mul D configuration 32 RPC planes interspersed between 20-cm thick

layers of steel 26 /40



PN Measuring the v Flux with the DUNE ND

Flavor Absolute Relative  Near Detector

LBNF/DUNE Rl

andl e Muni normalization flux ®(E,) requirements
for Leptonic NC Scattering U 2.5% ~ 5% elD
CP Violation vpe~ — vpe” d, Resolution
e /et Separation
Inverse muon Vy 3% pn 1D
decay Ay Resolution
vpe~ — pTve 2-Track (u+X) Resolution
1 energy scale
CCQE Yy 3-5% 5-10% D target
vun — p~p p Angular resolution
Q* =0 p energy resolution
Back-Subtraction
CCQE Ty 5% 10% H target
Tup — ptn Subtraction
Q% =0
Low-vg Yy 2.0% poovs pt
E,,-Scale
Low-E;,4 Resolution
Low-vq Ty 2.0%
Low-vo VelT, 1-3% 2.0% e~ /et Separation (K})
cC vy, <1% ~2% e ID&p ID
Pe/py Resolution
cc VelVy <1% ~2% e ID&pt ID
Pe/pu Resolution
Low-vg/CohPi  7,/v, ~2% ~2% pTID&p ID

Py Resolution
E}aa Resolution

27 /40
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Pll' '(\l; The DUNE Far Detector LArTPC
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Cathode
Plane

Liquid Argon TPC
Anode Wire Planes

uvy

—

Egop ~ SOOV/cm

PMT

Liquid Argon TPCs: Single Phase
Liquid Argon TPC

time

Anode Wire Planes

uvy

Cathode
Plane 1
¥ \
'

—

Paw——
!

29 /40



The DUNE Far Detector LArTPC

LBNF/DUNE Liquid Argon TPCs: Dual Phase

and the Hunt

for Leptonic -

CP Violation 4.) Charge collection on a 2D anode readout anode
(symmetric unipolar signals with two
orthogonal views) upper

electrodes
3.) Charge multiplication in the holes of the Large

Electron Multiplier (LEM) lower

electrodes
LEM i llllllnllmu
‘ Gas
2.) Drift electrons are efficiently emitted into the
gas phase
5y liquid
1.) lonization electrons drift towards the liquid g)r(it(;zsachon

argon surface

30/40



Pl' '(\l; The DUNE Far Detector LArTPC
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Consists of 4 10-kt modules; 1s¢ module design
chosen

One 10-kt module:

Active volume 12m x 14.5m x 58m

150 total APAs; 384,000 sense wires
Each APA: 2.3m x 6m; 2560 sense wires
3 sense wire planes; wire pitch: ~5 mm
Drift field: 500 V/cm

Maximum drift distance: 3.6 m (~2 ms)

31/40
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Introduction

Current
Experimental
Landscape

Future

Experimental

Landscape
DUNE

Conclusion

Simulation /Reconstruction in a Single Phase
LArTPC (http://www.phy.bnl.gov/wire-cell)

Example: a 1.5 GeV electron

rec_simple rec_charge

Use only geometry Use geometry and

information charge information
32/40


http://www.phy.bnl.gov/wire-cell

D U N E Event SpeCt ra Exposure: 150 kT.MW.yr (equal v/D) IMW.yr = 1 X 1021

p.o.t at 120 GeV. (sin2 2613 = 0.085, sin? 63 = 0.45, sm2; = 2.46 X 1073 eV?)

DUNE v, appearance
60 GeV, 3.5 yrs = 64e20 POT
Normal MH, 5on0
slnz(e23) 0.45

DUNE v, appearance
60 GeV,’3.5 yrs = 6420 POT
Rormal MH, 5en—0
Sine(0,,)=0.45

LBNF/DUNE 140|
and the Hunt

120~
: F nal (vosv) CC — Signal (v.sv) CC
for Leptonic - F Snal v oe - Siona & oy
o > 100 > Boam (vasv,
CP Violation S F S oo S oty
o f © N
N o~ N vy cc
=2 E =3 —— (V,+v,) CC
2 _r 2
£ ol =
s “°F 3 Horn Design 5 3 Horn Design
G F fie]

T e —
5 7 T z 3 = 5 5 7

r
NZ
3

N
ol

Reconstructed Energy (GeV) Reconstructed Energy (GeV)
930 ve, 5 e, 204 1B°2™ 17 NC, 19 v, 3 vy, 32 ve, 154 e, 98 1 B°2™ 7 NC, 8 v, 1 vy,

soof- DUNE », disappearance F DUNE ¥, disappearance
E 60 GeV,'3.5 yrs = 63020 POT 80 GoV.'3.5 yrs = 64e20 POT
Joof sm’(en)_ sm*(eﬂ)_
g s Ak
= eoof Ne C oY = = Ne o™
3 E — Y 3 J—
g 5°°F e
= E P4
S oo 3 Horn Design S 1eol 3 Horn Design
= E =
D s00f- g
i) E W 100
200f-
100f-
= L | L L E — L , L
T z 5 a 5 6 7 T 2 ] £ 5 s
Reconstructed Energy (GeV) Reconstructed Energy (GeV)
7929 v, 511 &), 105 bkg 2639 v, 1424 v,,, 59 bkg

Simultaneous fit to all four samples to determine osc. params

33/40



D U N E Event SpeCt ra Exposure: 150 kT.MW.yr (equal v/D) IMW.yr = 1 X 1021

p.o.t at 120 GeV. (sin2 2613 = 0.085, sin? 63 = 0.45, sm2; = 2.46 X 1073 eV?)

DUNE v, appearance

60 GeV, 3.5 yrs = 64620 POT
Normal MH, Sondr/s
slnz(e23) 0.45

DUNE v, appearance
80 GeV, 3.5 yrs = 64220 POT
Rormal MH, Sen37/5
Sine(0,,)=0.45

LBNF/DUNE 140|
and the Hunt

120~
for Leptonic = f Gnat V. S oty = T Sigmai e eny
e S 100~ > Boam (vievo)
CP Violation S F S Beam v, CC only
s F o N
N 8o N —— (V. +v.) CC
s f = — @wpec
2 F 2 1
£ eof =
5 E 3 Horn Design 5 3 Horn Design
[FTI w
20
—
& n I B il ot 2 T
T z 8 B 5 s 7 3 3 5 = 5 s 7
Reconstructed Energy (GeV) Reconstructed Energy (GeV)

1171 ve, 3 e, 204 153 17 NC, 19 v, 3 vy, 39 ve, 94 e, 98 2™, T NC, 8 vy, 1 vy

soof- DUNE », disappearance F DUNE ¥, disappearance
E 80 GeV.'3.5 yrs = 6420 POT 80 GoV.'3.5 yrs = 64e20 POT
E sm’(en)_ sm*(eﬂ)_
700f-
E usv) cC a9 cC
= eoof Y onty = = vicSonty
3 E —— Gevocc 3 p—
> 500f Q20
N E N
= E P4
S “0of 3 Horn Design S 3 Horn Design
= E =
D s00f- S
i} E o
200f-
100f-
= L | L L E —_ L , L
T z 5 a 5 6 7 T 2 ] £ 5 s
Reconstructed Energy (GeV) Reconstructed Energy (GeV)
7929 v,,, 511 &, 105 bkg 2639 ,,, 1424 vy, 59 bkg

Simultaneous fit to all four samples to determine osc. params
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12

10)

E CP Sensitivity

Source of MINOS v, TKv, Goal for DUNE v,
Uncertainty

Beam Flux 0.3%
Interaction Model 2.7%
Energy Scale (v,) 3.5%
Energy Scale (v,) 27%
Fiducial Volume 2.4%
Total Uncertainty 5.7%

Used in DUNE sensitivity calculations:
CP Violation Sensitivity

DUNE CPV Sensitivity
Normal Hierarchy
sin’20,; = 0.085
sin6,, = 0.45

No Energy Scale Unc.
....... 1% Energy Scale Unc.

2% Energy Scale Unc.

5% Energy Scale Unc.

FI 1
[

3.2% 2%
5.3% ~2%
Included above Included in 5% v,
uncertainty
2.5% includes all 2%
FD effects
1% 1%
6.8% 3.6%
5% @ 2%
50% CP Violation Sensitivity
9

DUNE Sensitivity
Normal Hierarchy
sin’20, = 0.085

sin?6,, = 0.45

(53 o Retrence Design

[ ovtimizea Design

M T P I I

200 400 600 800 1000 1200 1400
Exposure (kt-MW-years)
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DUNE Physics Milestones (NH)

LBNF/DUNE
and the Hunt

for Leptonic Physics milestone
CP Violation

Exposure kt - MW - year
(reference beam)

Exposure kt - MW - year
(optimized beam)

1° B3 resolution (fa = 42°) 70 45
CPV at 30 (dcp = +7/2) 70 60
CPV at 30 (dcp = —7/2) 160 100
CPV at 50 (dcp = +7/2) 280 210
MH at 55 (worst point) 400 230
10° resolution (dcp = 0) 450 200
CPV at 50 (dop = —7/2) 525 320
CPV at 50 50% of dcp 810 550
Reactor ;5 resolution 1200 850
(sin2 2605 = 0.084 % 0.003)

CPV at 30 75% of dcp 1320 850

Even if CP is maximally violated — several years to 50 discovery
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Exposure

LBNF/DUNE
and the Hunt
for Leptonic
CP Violation
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LBNF/DUNE
and the Hunt

for Leptonic
CP Violation

CD-3A
Late 2016

01

ProtoDUNE: wming weh bean
s

RSITE ‘

CD-2/3B (Early) €D-3C
(Lat92020 Late 2021

0 e

Cryostat 1 Complete

o=

‘ NEAR SITC l

BEAMUNE HALLS AND DECAY REGION

NEAR DETECTOR HALL




Pﬂl "\l: Summary and Conclusions

LBNF/DUNE
and the Hunt
for Leptonic

CP Violation Neutrino CP violation is best measured by studying v, — ve
and 7, — e oscillations over long-baselines.

m Experiments need to separate CP asymmetries from asymmetries
induced by the expected MSW effect as well as new physics
effects such as sterile neutrinos (if they exist) and NSI.

m The current generation of experiments after a decade of running
could rule out dcp = 0 at 90% C.L. over a large fraction of
dcp — 023 space. Combined results from running NOvA and
T2K at maximum power could produce evidence for CPV at 3o
if it is maximal.

= BUT
Only future more capable LB expts can establish CPV in v

Conclusion and disentangle from other effects.
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